Abstract. We introduce a novel technique that allows for an automatic quantification of MR DTI parameters along arbitrarily oriented fiber bundles. Most previous methods require either a manual placement of ROIs, are limited to single fiber tracts, or are limited to bundles which are perpendicular to one of the three image planes. Thus, the quantification process is made much more time-efficient and robust by our new approach. We compare our technique with a manual quantification of an expert and show the similarity of the results. Furthermore, we demonstrate how to visualize the parameters at a certain position of the fiber bundle so that areas of interest can easily be examined.
Introduction
Over the last few years, diffusion tensor imaging (DTI) received increasing attention in the neurosurgical and neurological community with the motivation to identify white matter tracts afflicted by an individual pathology or tracts at risk for a given surgical approach [1] . An explicit geometrical reconstruction of white matter tracts has become available by fiber tracking based on DTI data [2] .
Color-coded maps of fractional anisotropy (FA) computed from DTI data were successfully employed in several studies where it has been shown that modified parameters like FA, relative anisotropy or diffusion strength are an indicator of diseases affecting white matter tissue [3, 4, 5] .
A pointwise assessment of those parameters was proposed along a single streamline combined with a visualization of uncertainties in [6] . Other quantification algorithms [4, 3, 5] use a manual definition of one or more ROIs which cover a certain fiber bundle at some slices of the image data. Within such ROIs, more robust parameters can be computed from several single parameters. In a previous work, we extended standard ROI-based techniques by considering partial volume effects so that fibrous and non-fibrous tissue can be classified [7] . Recently, it has been shown how to define fiber bundles implicitly and how to compute their parameters as integrals [8] .
However, it is often desirable to determine the parameters along a whole fiber bundle as precisely as possible so that several ROIs have to be drawn manually via a multi-planar reconstruction. As this process is very time-consuming and error-prone, [9] proposed a semi-automatic algorithm where ROIs are placed on axial, sagittal, or coronal slices between two predefined ROIs automatically. As a consequence, reliable results can only be achieved if the fiber tracts are perpendicular to one of the three image planes. Moreover, curved fiber bundles cannot be handled by their approach and had to be divided into several parts.
Novel contributions
In this paper, we propose a method that overcomes the problems mentioned above and that allows for an efficient and automatic quantification of MR DTI data along arbitrarily oriented fiber tracts. A parameter map, defined by a Delaunay triangulation, visualizes the distribution of all single data points contributing to one single parameter. In contrast to the method proposed by Fillard [10] , we do not compute an average parameter by several single values that all have the same geodesic distance from a user-defined origin (ROI). Instead, we compute a reference plane depending on the local curvature of the fiber bundle, which is used afterwards to determine the nearest fiber points with corresponding parameters. Thus, more reasonable results may be achieved by our new approach when dealing with geometrically complex fiber bundles.
Methods
For a tumor patient suffering from a right hemispheric glioma (F, 73 y), echoplanar DTI data were acquired on a 1.5 T Siemens Sonata (image resolution 1.875 x 1.875 x 1.9 mm 3 , 60 slices, 6 gradient directions). Using a deflectionbased algorithm [11] , we compute the fiber bundle which has to be quantified. During fiber tracking, the parameters of interest (e.g., the FA) are computed and stored at each fiber point. We developed a simple filtering tool, where fibers can be excluded from the bundle or can be cropped at their endings afterwards.
Quantification
For quantification, two steps have to be done. First, each fiber is resampled so that all fibers consist of the same number of equidistantly distributed fiber points as proposed in [12] . Using the resampled fibers, an average center line of all fibers is computed where its j-th point p j is calculated by averaging all j-th points of all fibers:
. This center line yields to n reference planes
j+1 ) = 0 which are used for the quantification. In a second step, for each point of the center line, a corresponding quantification parameter v j can be determined by v j = g(v (f 1 (j) ), ..., v(f n (j))). There, v(f i (j)) denotes a single parameter corresponding to fiber point f i (j), and g denotes an arbitrary function with n input parameters, e.g., it computes the average of the n values. However, there may be some outliers f i (j) which are far away from the plane h j (Fig. 2) . In this case, v j would also be determined depending on unwanted outliers v(f i (j)). Thus, we propose to replace them by v(f i (k)) where f i (k) is the point with minimum distance to the plane h j . 
Visualization
For visualizing all parameters contributing to v j , we perform a Delaunay triangulation of the corresponding fiber points. The resulting triangles are shaded depending on the parameters v(f i (j)). Simultaneously, the reference plane h j and the fiber bundle are displayed in 3D. The user can interactively slide through the fiber bundle so that the parameter map and the plane are updated (Fig. 3 ).
Results
A fiber bundle, which is part of the corpus callosum and consists of n = 50 single fibers, was tracked and cropped at it endings (Fig. 3) . The maximum number of fiber points along a fiber is 1183 so that we determined 1183 average, minimum, and maximum FA values, each of them computed by about 50 single parameter values. The results can be found in Fig. 3 (right) . The whole computation including the center line and all FA values took much less than a second (AMD Athlon 64 X2 Dual, 3800+). Fig. 2 shows the distribution of all 50 parameters contributing to v j (the plane h j was chosen as displayed at the bottom of Fig. 3) .
We also compared our technique with our manual quantification tool [7] which considers partial volume effects and which performs a classification of fibrous as well as non-fibrous tissue before the quantification. For several regions, we measured the average FA values by both methods, an example is shown in Fig. 1 . The difference was always smaller than 0.05.
Discussion
Compared to a manual quantification, which takes at least 30 minutes for a reasonably detailed measurement of a fiber bundle (> 50 measured parameters), our new approach drastically reduces the time to a few milliseconds. For a fair comparison we have to mention that for a manual quantification the fiber tracking as well as the cropping and filtering (which takes us about one minute) have not to be done explicitly, but only implicitly by defining the ROIs. Initial experiments have shown that the differences between the manual and our new automatic quantification are at most 0.05. They may be explained by the manual determination of the plane, which is used for placing the ROI, as well as by the different algorithmic computation of the parameter values: the manual quantification needs a more complex function for computing the average FA value within an ROI, because it has to differentiate between FA values belonging to fibrous and to non-fibrous tissue. In contrast, this has not to be done by our novel approach because the preceding fiber tracking solves the problem so that only a simple function g depending on n input parameters can be used for the computation (see Section 2). In the future, we would like to use the idea of moving least squares for computing the center line. Furthermore, a more rigorous comparison between manual and automatic quantification has to be done depending on different data sets.
